Barchan dunes are crescentic shape dunes with horns pointing downstream. The present paper reports the formation of subaqueous barchan dunes from initially conical heaps in a rectangular channel. Because the most unique feature of a barchan dune is its horns, we associate the timescale for the appearance of horns to the formation of a barchan dune. A granular heap initially conical was placed on the bottom wall of a closed conduit and it was entrained by a water flow in turbulent regime. After a certain time, horns appear and grow, until an equilibrium length is reached. Our results show the existence of the timescales 0.5tc and 2.5tc for the appearance and equilibrium of horns, respectively, where tc is a characteristic time that scales with the grains diameter, gravity acceleration, densities of the fluid and grains, and shear and threshold velocities. Sand dunes are frequently found in both nature and industry, being present in deserts, rivers [1] and petroleum pipelines [2-4], for example. Those forms result from the transport of sand entrained by a fluid flow, and, depending on many factors, such as the flow direction, the strength of the flow, the amount of available sand and the sand cover, different kinds of dunes are observed. When the fluid flow causes moderate shear stress on a granular bed, some grains are displaced by rolling, sliding or by small jumps maintaining contact with the fixed part of the bed. The moving grains form then a mobile granular layer known as bed load. If it takes place over a non-erodible ground or with limited sediment supply under a one-directional flow, they form dunes of crescentic shape, known as barchan dunes [1, 5, 6] . Under those conditions, barchan dunes are strong attractors that can appear in water and oil pipelines, on the bed of rivers and deserts, and on the surface of other planets [7, 8] , for example. The main feature of a barchan dune, that differentiates it from other bedforms, is its horns pointing downstream. For this reason, the growing of a barchan dune from a granular heap can be related to the appearance and growing of horns.
Sand dunes are frequently found in both nature and industry, being present in deserts, rivers [1] and petroleum pipelines [2] [3] [4] , for example. Those forms result from the transport of sand entrained by a fluid flow, and, depending on many factors, such as the flow direction, the strength of the flow, the amount of available sand and the sand cover, different kinds of dunes are observed. When the fluid flow causes moderate shear stress on a granular bed, some grains are displaced by rolling, sliding or by small jumps maintaining contact with the fixed part of the bed. The moving grains form then a mobile granular layer known as bed load. If it takes place over a non-erodible ground or with limited sediment supply under a one-directional flow, they form dunes of crescentic shape, known as barchan dunes [1, 5, 6] . Under those conditions, barchan dunes are strong attractors that can appear in water and oil pipelines, on the bed of rivers and deserts, and on the surface of other planets [7, 8] , for example. The main feature of a barchan dune, that differentiates it from other bedforms, is its horns pointing downstream. For this reason, the growing of a barchan dune from a granular heap can be related to the appearance and growing of horns.
Over the past decades, many works were devoted to the equilibrium and minimum size of barchan dunes [6, [9] [10] [11] [12] [13] [14] [15] [16] , and to instabilities giving rise to barchans [17] [18] [19] [20] . These works investigated the length, width, height and horn scales, the ratio between them, their relation with the saturation length, and the celerity of barchans, for both stable and evolving dunes. The saturation length L sat is the length for the stabilization of sand flux, i.e., it is the length necessary for the sand flux to reach equilibrium conditions with a varying fluid flow [11, 21] . It has been argued that L sat is proportional to an inertial length in the aeolian case [10, 22] , L drag = (ρ s /ρ)d, and to a relaxation length in the aquatic case [15, 21, 23] ,
, where ρ is the fluid density, ρ s is the density of grains, d is the grain diameter, u * is the shear velocity, u f all is the settling velocity of one grain, and U is the cross-section mean velocity of the fluid. Pähtz et al. [24] derived a theoretical expression for the saturation length that combines ρ s /ρ, d and the fluid velocity. Their expression, which is valid for both aeolian and subaqueous bed load, is in agreement with experimental measurements varying ρ s /ρ over five orders of magnitude. On the other hand, Claudin and Andreotti [7] showed that the wavelength of dunes scales with L drag over five decades. Therefore, although the fluid flow conditions affect L sat , we consider in this paper that L sat is proportional to L drag .
Among the studies devoted to the formation of a barchan dune from an initial heap or flat bed, few investigated the behavior of the horns. One of them is Ref. [20] , that numerically investigated transverse waves propagating over the horns of already existing barchan dunes and giving rise to new barchans, and showed that the amplitude and wavelength of transverse waves and generated barchans are related. However, none of them investigated the time evolution of growing horns from an initially conical heap. The evolution of the horns for a single barchan dune from an initial conical pile can shed some light on the timescales for the growth of individual barchans, and then characterize the instant corresponding to the appearance of a barchan dune. This question, that has yet to be fully understood, is important to improve our knowledge on the formation of barchans under more complex scenarios, such as sand bars, large sand fields, sand fields over complex topographies, etc.
In this paper, we present experimental results on the formation of subaqueous barchan dunes from conical heaps showing the existence of characteristic times for the growth and equilibrium of horns. The term equilibrium refers to the crescentic shape of barchan dunes, with horns pointing downstream, which are characteristic of barchan dunes. The experimental device consisted of a water reservoir, two centrifugal pumps, a flow straightener, a 5 m long closed-conduit channel, a settling tank, and a return line. The flow straightener was a divergentconvergent nozzle filled with d = 3 mm glass spheres, the function of which was to homogenize the flow profile at the channel inlet. The channel had a rectangular crosssection (width = 160 mm and height 2δ = 50 mm) and was made of transparent material. The channel test section was 1 m long and started 40 hydraulic diameters (3 m) downstream of the channel inlet; therefore, the tur- bulent flow was completely developed in the test section (the layout of the experimental device is shown in the Supplemental Material [25] ). The grains were placed in the test section, which was previously filled with water, and they settled forming a conical heap on the channel bottom wall. Next, a water flow was imposed in the channel, and the heap deformed into a barchan dune. With this procedure, each experiment concerns one single isolated dune. The evolution of the dune was recorded with a CCD (charge coupled device) camera placed above the channel and mounted on a traveling system. [25] for the images of the Scanning Electron Microscopy of the used beads). The shear velocities on the channel walls were computed from the velocity profiles acquired by the PIV device and were found to follow the Blasius correlation [26] . They correspond to 0.0143, 0.0177 and 0.0195 m/s for the three flow rates employed. The initial heaps were formed with 10.5 g of glass beads, and with 16.5 g and 10.5 g of zirconium beads, corresponding to initial volumes of 7.0, 6.9 and 4.4 cm 3 , respectively. Table I presents the parameters of different flow and grains used in the experiments. For each of the conditions listed, between 2 and 4 test runs were performed and are shown next. In this table, two additional parameters are presented, the particle Reynolds Number, Re * = ρu * d/µ, and the Shields number, θ = (ρu around twice the values presented by dunes farther from the threshold. The cases listed in the key are presented in Tab. I (see Supplemental Material for W/L versus time for all the test runs). In Fig. 3 , the time was normalized by a characteristic time t c computed as the length of the bedform divided by its celerity C, the latter obtained from the flux rate of grains, q, divided by L sat [7] . Because we are interested in subaqueous barchans, we considered q given by the Meyer-Peter and Müller equation [27] , and L sat ∝ L drag . In this manner, t c is a characteristic time for the displacement of barchans, computed by Eq. 1,
where u th is the fluid threshold velocity for incipient motion of grains, L eq is the barchan length at equilibrium, and g is the acceleration of gravity. The threshold velocity was computed in accordance to Ref. [11] . In this way, the commonly reported value W/L ≈ 1 [10, 15] is not a good indication of the formation and equilibrium of a barchan dune close to threshold conditions (Fig. 2c) .
As noted by Ref.
[28], there is evidence that the scale invariance of barchan dunes is broken in the longitudinal direction and, in order to test similarity and scaling laws, the longitudinal scales shall be addressed. Figures 4a and 4b present the time evolutions of the length and width of dunes, L and W versus t/t c , respectively, for different flow conditions and solid particles. The cases listed in the key are presented in Tab. I (see Supplemental Material for L and W versus time for all the test runs). From Fig. 4a , we observe different behaviors from the initial piles, with the heaps consisting of heavier zirconium beads decreasing over time while those of glass beads remain constant or increase slightly. The timescales to attain the crescentic shape are very different, being around 2.5 t c for the glass beads and 6.0 t c for the zirconium beads. In the case of W , Fig. 4b shows that for the different grains and flow conditions the behavior is distinct and a specific timescale cannot be determined.
Although close to threshold W/L diverges and equilibrium times based on L and W are very different, in all cases the conical pile evolves to a crescentic shape with the growing of horns. Therefore, we investigate the time evolution of horns in order to determine when a barchan dune appears and when it reaches equilibrium.
Figures 5 to 8 present the time evolution of horns for different flow conditions and solid particles. The cases (a) to (m) are summarized in Tab. I, and each different symbol in each graphic corresponds to a different test run. Figures 5 and 7 present L h /L drag versus t/t c over the entire duration of test runs and Figs. 6 and 8 present L h /L drag versus t/t c from the beginning of test runs until 1.5 t c . By using as characteristic length L drag , L h /L drag ≥ 1 is the minimum condition to search for the presence of a horn. For the present experiments, 2.5d ≤ L drag ≤ 4.1d, and, by considering a particle fraction of 50%, L h /L drag ≥ 1 corresponds to structures consisting of 15 to 66 grains as the minimum structures forming a horn. In that case, the appearance of horns, and then the birth of a barchan from the initially conical heap, occurs at t/t c ≈ 0.5. From this moment, the horns continue to grow until t/t c ≈ 2.5, when they reach an equilibrium length. This is the instant when the barchan reaches its characteristic crescentic shape.
In conclusion, the rise and equilibrium of a barchan dune is well described by the growing of its horns. From Figs. 5 to 8, we note that the time evolution of horns on a single dune presents a similar behavior in all cases, with the beginning of growth and the equilibrium shape occurring at the normalized times of approximately 0.5 and 2.5, respectively. Therefore, we propose that the characteristic time given by Eq. 1 is the timescale for the beginning and growing of single barchan dunes. This timescale, obtained for single dunes under controlled conditions, is important to increase our knowledge on the formation of barchan dunes under more complex scenar- 
